BubR1 is essential for the mitotic checkpoint that prevents aneuploidy in cellular progeny by triggering anaphase delay in response to kinetochores incorrectly/not attached to the mitotic spindle. Here, we define the molecular architecture of the functionally significant N-terminal region of human BubR1 and present the 1.8 Å crystal structure of its tetratricopeptide repeat (TPR) domain. The structure reveals divergence from the classical TPR fold and is highly similar to the TPR domain of budding yeast Bub1. Shared distinctive features include a disordered loop insertion, a 3 10 -helix, a tight turn involving glycine positive ⌽ angles, and noncanonical packing of and between the TPR motifs. We also define the molecular determinants of the interaction between BubR1 and kinetochore protein Blinkin. We identify a shallow groove on the concave surface of the BubR1 TPR domain that forms multiple discrete and potentially cooperative interactions with Blinkin. Finally, we present evidence for a direct interaction between BubR1 and Bub1 mediated by regions C-terminal to their TPR domains. This interaction provides a mechanism for Bub1-dependent kinetochore recruitment of BubR1. We thus present novel molecular insights into the structure of BubR1 and its interactions at the kinetochore-microtubule interface. Our studies pave the way for future structure-directed engineering aimed at dissecting the roles of kinetochore-bound and other pools of BubR1 in vivo.
BubR1 is essential for the mitotic checkpoint that prevents aneuploidy in cellular progeny by triggering anaphase delay in response to kinetochores incorrectly/not attached to the mitotic spindle. Here, we define the molecular architecture of the functionally significant N-terminal region of human BubR1 and present the 1.8 Å crystal structure of its tetratricopeptide repeat (TPR) domain. The structure reveals divergence from the classical TPR fold and is highly similar to the TPR domain of budding yeast Bub1. Shared distinctive features include a disordered loop insertion, a 3 10 -helix, a tight turn involving glycine positive ⌽ angles, and noncanonical packing of and between the TPR motifs. We also define the molecular determinants of the interaction between BubR1 and kinetochore protein Blinkin. We identify a shallow groove on the concave surface of the BubR1 TPR domain that forms multiple discrete and potentially cooperative interactions with Blinkin. Finally, we present evidence for a direct interaction between BubR1 and Bub1 mediated by regions C-terminal to their TPR domains. This interaction provides a mechanism for Bub1-dependent kinetochore recruitment of BubR1. We thus present novel molecular insights into the structure of BubR1 and its interactions at the kinetochore-microtubule interface. Our studies pave the way for future structure-directed engineering aimed at dissecting the roles of kinetochore-bound and other pools of BubR1 in vivo.
The spindle assembly checkpoint (SAC 2 ; also referred to as the mitotic checkpoint) performs the critical role of triggering anaphase delay in response to chromosomes incorrectly/not attached to the mitotic spindle (1) . This prevents aneuploidy and associated genetic instability that result from anaphase commencing prior to the proper bi-orientation of replicated chromosomes. At the molecular level, the SAC inhibits the E3 ubiquitin ligase activity of the anaphase promoting complex/ cyclosome (APC/C) (2) . This prevents the ubiquitination and degradation of anaphase inhibitors, Securin and cyclin B1 (3) . Securin inhibits the protease that would otherwise cleave the Cohesin complex holding sister chromatids together (4), whereas cyclin B1 regulates the activity of Cdk1 (cyclin-dependent kinase 1). The multidomain kinase BubR1 (budding uninhibited by benomyl related-1) is an essential component of the SAC of higher eukaryotes (5, 6) . BubR1 mutations and/or misregulation have been detected in human cancers (7) and the related disease of mosaic variegated aneuploidy (8, 9) . Reduced levels of BubR1 in mice also lead to increased tumor incidence and accelerated tumor progression (10 -13) . BubR1 has also recently been shown to be important for the segregation of acentric chromosome fragments that lack a kinetochore (14) and for oocyte meiotic transitions (15) .
BubR1 inhibits APC/C activity during metaphase as part of the mitotic checkpoint complex (MCC) (Fig. 1A) (16) . The MCC is composed of BubR1, Bub3, Mad2 (mitotic arrest deficient 2), and Cdc20 (cell division cycle 20). Cdc20 is an essential APC/C co-factor that mediates the recognition of substrates that harbor short sequence motifs such as KEN boxes (consecutive lysine, glutamate, and asparagine residues) (17) . The formation of the MCC inhibits APC/C ubiquitin ligase activity by abrogating Cdc20 co-factor function (16) . Within the MCC, Cdc20 directly binds a conformer of Mad2 and the constitutive BubR1-Bub3 complex. These interactions are independently capable of APC/C-Cdc20 inhibition, although highest potency inhibition is achieved through simultaneous binding, likely because of Mad2 promotion of the BubR1-Cdc20 interaction (18 -20) . Two complementary molecular mechanisms have been proposed for APC/C-Cdc20 inhibition by BubR1-Bub3 and Mad2. First is an inhibitory conformational shift of Cdc20, in which single particle electron microscopy reveals distinct orientations of Cdc20 when it is bound to the APC/C alone or as part of the MCC (21) . It is possible that one of these orientations induces Cdc20 ubiquitin-mediated degradation (22) . Second is competitive binding of BubR1 to substrate-binding sites of APC/C-Cdc20; BubR1 contains two conserved KEN boxes (human residues 26 -28 and 304 -306) that are essential for Cdc20 binding and cell viability and act to competitively block substrate binding to APC/C-Cdc20 (23, 24) . This function of BubR1 is dependent upon PCAF (p300/CBP-associated factor)-dependent acetylation at Lys 250 , which prevents BubR1 ubiquitin-mediated degradation (25) .
In addition to a role in the MCC, BubR1 is enriched and exchanged at kinetochores incorrectly/not attached to the mitotic spindle during metaphase (Fig. 1B) (26) . Kinetochores are large proteinaceous complexes that form on centromeric chromatin and mediate microtubule binding (27) . BubR1 kinetochore enrichment is dependent on Bub1 and Bub3 (28, 29) and is required to sustain a SAC arrest, as well as for stable kinetochore-microtubule interactions (23) . The mechanistic links between BubR1 kinetochore enrichment and these activities, however, have yet to be deciphered. Regulated cycling between kinetochore-bound and MCC pools of BubR1, similar to that observed for Mad2, is thought not to occur (19) , whereas BubR1 interaction with the kinetochore protein Blinkin (Bublinking) and microtubule binding, molecular motor CENP-E (centromeric protein E) may be important (30 -32) . Blinkin is vital for the formation of wild type kinetochore-microtubule interactions and interacts with an N-terminal ␣-helical region of BubR1 (32, 33) ; CENP-E regulates BubR1 kinase activity and localizes to the kinetochore in a BubR1-dependent manner (30, 31) . Post-translational modification of BubR1 at the kinetochore is also likely to play a role (34) . These links remain as conjecture as such mechanistic insight requires a detailed molecular understanding of BubR1. Molecular detail of BubR1 is not available as attempts to produce stable protein for high resolution structural studies have been hampered by BubR1 susceptibility to proteolysis, rendering such studies thus far unsuccessful (35, 36) .
Insight into the structure of BubR1 can be gained by comparison with Bub1, which shows a similar overall domain organization and shares ligands Blinkin and Bub3 (Fig. 1C) (32, 36, 37) . Both proteins contain an N-terminal ␣-helical region that mediates Blinkin binding (32) , a central disordered region containing a short motif for Bub3 binding (36, 37) , and a C-terminal serine/threonine kinase domain that is absent in lower eukaryotic BubR1 orthologues such as yeast Mad3 (38) . The crystal structure of the N-terminal ␣-helical region of budding yeast Bub1 has been solved and reveals a divergent tetratricopeptide repeat (TPR) domain (39) . Based on sequence analysis and biophysical studies, the N-terminal ␣-helical region of BubR1 is also expected to adopt a TPR fold (40) . In this study, we define the molecular architecture of the N-terminal region of human BubR1 and present the 1.8 Å crystal structure of human BubR1 residues 48 -237 (BubR1(48 -237)). These residues include a triple tandem arrangement of the TPR motif with predicted similarity to that found in budding yeast Bub1. We thus define the structural platform that mediates BubR1 interaction with Cdc20 in the MCC and Blinkin at the kinetochore. We further examine the molecular determinants of the interaction between BubR1 and Blinkin, revealing the presence of multiple discrete and potentially cooperative interactions along a groove of BubR1. Finally, we identify an interaction between BubR1 and Bub1 mediated by regions C-terminal to their TPR domains. These data are invaluable for future studies aimed at defining the precise roles of kinetochore-bound and MCC pools of BubR1 in the SAC in vivo.
EXPERIMENTAL PROCEDURES
Yeast Two-hybrid Analysis-Human gene fragments encoding for BubR1 full-length (BubR1 fl ), residues 1-237 (BubR1(1-237)) and residues 238 -1050 (BubR1(238 -1050)) (GenBank TM accession number AAD11941), Bub1 full-length (Bub1 fl ), residues 1-189 (Bub1(1-189)) and residues 189 -1085 (Bub1(189 -1085)) (GenBank TM accession number AAC06259), Blinkin residues 1-728 (Blinkin(1-728)) (GenBank TM accession number AAM45143), and Bub3 fulllength (Bub3 fl ) (GenBank TM accession number AAC06258) were cloned into pGBT9 and pGAD424 (Clontech). BubR1 fl point mutants (P119A, L126A, R130A, S157A, E161A, and R165A) were created by overlapping primer extension methods and cloned to pGBT9.
Yeast two-hybrid protocols were based on the Matchmaker 3 yeast two-hybrid system (Clontech), where the rate of yeast growth, the number of resultant colonies, and the intensity of X-gal reactions are directly related to the level of reporter gene activation (41) . Using a polyethylene glycol/single-stranded DNA/LiAc procedure, pGBT9 vectors were transformed into the Y187 strain, and pGAD424 vectors were transformed into the AH109 strain. For mating, single colonies of Y187[pGTB9-bait] and AH109[pGAD424-target] were resuspended in 0.5 ml of 2ϫ YPDA and incubated at 30°C, 50 rpm for 24 h. Cultures were diluted 1 in 10 with 0.5ϫ YPDA and 100 l plated on SD/ϪLeu/ϪTrp (double dropout) and SD/ϪAde/ϪHis/ϪLeu/ ϪTrp (quadruple dropout) plates. Plates were incubated at 30°C for 2, 3, or 5 days. Matings with BubR1 fl mutants were also grown with 0 -15 mM 3-amino-1,2,4-triazole (3-AT; Sigma) on the quadruple dropout plates. Colonies were lifted onto filters (Whatman No. 5, 70 mm), lysed by two cycles of freeze-thaw and incubated in 100 mM sodium phosphate, pH 7.0, 10 mM KCl, 1 mM MgSO 4 , 0.3% (v/v) ␤-mercaptoethanol containing 1 mg/ml X-gal (Promega) at 30°C for 5 h. Shown filters are representative of at least three replicates performed with independent yeast transformants.
For time course and 3-AT analysis, densitometry was performed by measuring mean pixel intensities of color-inverted scanned filters. The intensity of a relevant negative control, such as pGBT9-bait ϫ pGAD424-empty, was subtracted from each value. "Relative intensity of interaction with Blinkin(1-728)" refers to (pGBT9-BubR1 fl -mutant ϫ pGAD424-Blinkin(1-728) at a particular day or 3-AT concentration) divided by ((pGBT9-BubR1 fl -mutant ϫ pGAD424-Blinkin(1-728)) at day 5 or with 0 mM 3-AT); likewise, "relative intensity of interaction with Bub3 fl refers to ((pGBT9-BubR1 flmutant ϫ pGAD424-Bub3 fl ) at a particular day or 3-AT concentration) divided by ((pGBT9-BubR1 fl -mutant ϫ pGAD424-Bub3 fl ) at day 5 or with 0 mM 3-AT).
Protein Expression and Purification-Human gene fragments encoding for BubR1 residues 1-230 (BubR1 (1-230) ) and 1-280 (BubR1(1-280)) were cloned into pGEX-6P-1 (GE Healthcare) with a PCR-introduced C-terminal His 6 tag, whereas BubR1 residues 39 -230 (BubR1(39 -230)) and 48 -237 (BubR1(48 -237)) were cloned into pHAT4 (42) .
All proteins were expressed in Escherichia coli BL21(DE3) grown in 2ϫ YT (Sigma) with 100 g/ml ampicillin by induc-tion with 0.4 mM isopropyl-D-thiogalactopyranoside for 3 h at 37°C. Cells were suspended in 20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM 1,4-dithiothreitol with protease inhibitor mixture (Roche Applied Science) and lysed using an EmulsiFlex-C5 (Avestin). The soluble fraction was obtained by centrifugation at 15,000 ϫ g at 4°C for 30 min. Glutathione S-transferase fusions (BubR1(1-230) and BubR1(1-280)) and histidine tag fusions (BubR1(39 -230) and BubR1(48 -237)) were then purified by standard affinity chromatography and cleaved by overnight incubation with PreScission TM (GE Healthcare) or tobacco etch virus protease, respectively. Protease, tag, and uncleaved fusion were removed by a second affinity chromatography step. BubR1(1-230) and BubR1(1-280) were further purified with Ni 2ϩ -nitrilotriacetic acid affinity chromatography, whereas BubR1(39 -230) and BubR1(48 -237) were further purified by ion exchange at pH 9.0 using a Resource Q column (GE Healthcare). All proteins were polished with size exclusion chromatography. Proteins were biochemically and biophysically characterized as described in the supplemental material.
Crystallization and Data Collection-BubR1(48 -237) was concentrated to 9 mg/ml following size exclusion chromatography in 20 mM CHES, pH 9.0, 200 mM NaCl, 1 mM 1,4-dithiothreitol. Reducing agent tris(2-carboxyethyl)phosphine, pH 8.0, was then added at a final concentration of 1 mM and the sample used for crystallization. The best crystals were grown at 15°C using the sitting drop vapor diffusion method with 140 l of reservoir solution (22 g/100 ml of PEG 8000, 200 mM TrisHCl, pH 8.0, 10 mM praseodymium(III) acetate) and a 200-nl drop (equal volume of protein and reservoir solution) in a 96-well format (Greiner). The crystals were cryoprotected by addition of 20% (v/v) ethylene glycol (soaked for ϳ1 min) and frozen in liquid nitrogen for data collection at 100 K. Data were collected for two crystals at a wavelength of 1.06 Å at beam I03, Diamond Synchrotron Light Source, Oxford, UK, and processed using MOSFLM and SCALA from the CCP4 suite (43, 44) .
Structure Determination and Refinement-The structure of BubR1(48 -237) was solved by single wavelength anomalous dispersion using praseodymium ions from the crystallization solution, found stably in the crystal lattice. Using data collected from crystal 1 (anomalous completeness of 100% and anomalous redundancy of 11.1), two praseodymium ions were found and refined using autoSHARP (45) . The final figure of merit was 0.82; the phasing power was 1.75, and the R cullis was 0.66. Following density modification with 43.2% solvent content, these phases were used to calculate an initial map used for automated model building with ARP/wARP (46) . Iterative cycles of model building and refinement were then carried out in COOT (47) and REFMAC 5 (48) using data collected from crystal 2, including a single cycle of Translation, Liberation, and Screw refinement with two groups (residues 57-114 and 115-220) identified by the TLMSD server (49) . During refinement, 5% of reflections were kept aside for evaluation of R free . Residues 48 -56, 92-95, and 221-237 are absent in the final model. PyMOL (DeLano Scientific) was used to create images.
RESULTS

BubR1 Directly
Interacts with Blinkin and Bub1-A major challenge in developing a molecular understanding of the SAC is establishing the structural basis of BubR1 kinetochore recruitment and APC/C-Cdc20 inhibition. We first set out to confirm the reported interaction between the N-terminal region of BubR1 and Blinkin and to investigate the interactions between BubR1 and functionally related proteins Bub1 and Bub3. Human sequences of full-length BubR1 (BubR1 fl ), BubR1(1-237), BubR1(238 -1050), Bub1 fl , Bub1(1-189), Bub1(189 -1085), Blinkin(1-728), and Bub3 fl were fused to GAL4 DNA-binding domains and GAL4 activator domains. Interactions were tested through the highly stringent Matchmaker 3 yeast two-hybrid system in which positive interactions were determined by independent activation of three reporter genes (HIS, ADE, and lacZ). In this system, the rate of yeast growth, the number of resultant colonies, and the intensity of X-gal reactions are directly related to the underlying level of reporter gene activation (41) . BubR1(1-237) was found to interact with Blinkin(1-728) in a manner equivalent to that of full-length protein ( Fig. 1D ), confirming that Blinkin(1-728) forms contacts with the N-terminal region of BubR1. In contrast, interaction with Bub3 fl was detected only for full-length BubR1 (Fig. 1D) , consistent with the known Bub3-binding site downstream of the N-terminal region (36, 37) . Related protein Bub1 showed a similar pattern of binding to Blinkin(1-728) through its N-terminal region and Bub3 fl through a downstream region (Fig. 1D ). We were regrettably unable to test interactions using pGBT9-Blinkin(1-728) and pGBT9-Bub1 fl vectors due to insurmountable technical difficulties of autoactivation and toxicity, respectively. We thus conclude that the BubR1 N-terminal region interacts with Blinkin, whereas a more C-terminal region interacts with Bub3.
The yeast two-hybrid experiments also indicate an interaction between BubR1 and Bub1 (Fig. 1, D and E) . The interaction does not rely on the N-terminal region of Bub1 or BubR1, is retained upon deletion of the N-terminal regions, and specifically allows formation of a BubR1-Bub1 heterodimer but not a BubR1-BubR1 homodimer. Failure to detect a heterodimeric complex of BubR1(1-237) and Bub1(1-189) is consistent with in vitro analytical size exclusion chromatography and chemical cross-linking analysis with recombinant proteins (data not shown). We thus conclude that BubR1 and Bub1 undergo heterodimerization through the interaction of distinct sequences in their C-terminal regions (Fig. 1, D and E) . Our findings conflict with previously published yeast two-hybrid data suggesting both homo-and heterodimerization of BubR1 and Bub1 (32) . We account for this through our observation that the BubR1 fl GAL4 DNA-binding domain fusion exhibits a low level of autoactivation that hampers investigations using only the lacZ reporter gene (supplemental Fig. S1 ) but is completely eliminated by the three independent reporter genes (HIS, ADE, and lacZ) employed in this study. The formation of a BubR1-Bub1 complex is consistent with reports that BubR1 kinetochore recruitment is dependent on Bub1 when the capacity of Blinkin to bind BubR1 is abrogated in vivo (32) .
Molecular Architecture of the BubR1 N-terminal Region-We
next investigated the molecular architecture of the BubR1 N-terminal region. To explore the presence of domain structure, recombinant human BubR1(1-280) was subjected to limited proteolysis using trypsin, which specifically cleaves peptide chains C-terminal to Lys and Arg residues. Despite Lys and Arg residues being distributed throughout BubR1(1-280), this identified protease-resistant fragments of ϳ18 and 20 kDa ( Fig.  2A) . Edman degradation and tandem mass spectrometry peptide fragmentation analyses subsequently showed that these fragments contain residues Ile 37 ( shown by Edman degradation; data not shown). Interestingly, the N-terminal fragment cleaved from BubR1 is conserved in BubR1 but not Bub1 orthologues and contains one of the conserved KEN box motifs essential for interaction with Cdc20 ( Fig. 3A) (23) . Similarly, the presence of protease-resistant fragments that undergo C-terminal cleavage at Arg 199/202 or Arg 224 suggests a mobile C-terminal region. One frequently sampled conformation of this region must constrain residues Arg 199 -Arg 224 as cleavage at the intervening trypsin site Lys 210 was not observed. Our analysis thus predicts a molecular architecture for the N-terminal region of BubR1 in which a folded domain is preceded by an N-terminal extension of 36 -58 amino acids that is connected by a flexible linker. 
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To probe further the molecular architecture of the BubR1 N-terminal region, biophysical analysis was performed on a construct in which the putative N-terminal extension was deleted, BubR1 (48 -237) . The N-terminal boundary of this construct was based on secondary structure prediction and the Ile 37 -Lys 59 range defined by limited proteolysis. Similarly, the C-terminal boundary was selected to be outside of the folded domain between predicted ␣-helices such that the fold is expected be retained. Sedimentation velocity analysis of BubR1(48 -237) revealed the presence of a single species of molecular mass 21.6 kDa (theoretical molecular mass of 22.4 kDa) with a frictional coefficient of 1.38 (Fig. 2B) , suggesting a monomer with an elongated, asymmetrical shape. The monomeric status was consistent with chemical cross-linking (data not shown) and is in keeping with the yeast two-hybrid finding that BubR1 is incapable of homodimerization (Fig. 1D ). An extended conformation is also supported by the large D max of 67 Ϯ 0.11 Å measured with small angle x-ray scattering (Fig.   2C ) and analytical size exclusion chromatography in which BubR1(48 -237) eluted as a single species at a volume corresponding to 1.6 times the mass predicted for a compact, globular monomer (Fig. 2D) . Interestingly, on the same Superdex column, constructs in which the N-terminal extension was progressively re-introduced, BubR1(39 -230) and BubR1(1-230), showed elution volumes corresponding to 1.8 and 2.0 times the mass predicted for compact, globular monomers, respectively. Circular dichroism of BubR1(48 -237) further revealed a predominantly ␣-helical content, with spectra minima at 208 and 222 nm (Fig. 2E) . Together, these biophysical analyses lead to a model in which the BubR1 N-terminal region contains an ␣-helical domain with a protruding N-terminal extension that is connected by a flexible linker. Importantly, these data also demonstrate that removal of the N-terminal extension does not compromise the fold, thus allowing the production of a stable construct of the BubR1 N-terminal region suitable for structural analysis in vitro. B, sedimentation velocity analysis of BubR1(48 -237) reveals it to be an asymmetrical monomer. Using absorbance data (top), the sedimentation coefficient distribution c(S) (bottom) was calculated using SEDFIT to minimize residuals (middle) and with a root mean square deviation (r.m.s.d.) of less than 0.01. The resultant frictional coefficient (f/f 0 ), sedimentation coefficient (S), and molecular weight (MW) are shown. C, small angle x-ray scattering of BubR1(48 -237) measures a D max of 67 Ϯ 0.11 Å, indicating an elongated shape. The intra-particle distance distribution function p(r) was calculated using GNOM. D, analytical size exclusion chromatography of BubR1 proteins shows that the calculated (cal.) to predicted (pred.) molecular weight ratio increases as more of the N-terminal of BubR1 is included. mAU, milli-absorbance units. E, far-UV circular dichroism spectra of BubR1(48 -237) reveal a predominantly ␣-helical structure.
Overall Structure of the BubR1 N-terminal Region-The
BubR1 N-terminal region 1.8 Å crystal structure was solved using single wavelength anomalous dispersion of BubR1(48 -237) crystals grown in the presence of 10 mM praseodymium(III) acetate (Table 1 ). High quality electron density was present for residues 57-220 (supplemental Fig. S2 ) excluding residues 92-95, which likely constitute a disordered loop. The structure is composed of eight ␣-helices arranged in an anti-parallel fashion reminiscent of a TPR domain (Fig. 3, A and C) (50) . The central six ␣-helices fold into three sequential helix-loop-helix units (TPR1-3), with their ␣-helices forming concave inner and outer surfaces. Each of the helix-loop-helix units resembles a single TPR motif, a well known motif in which the consensus sequence contains small hydrophobic residues at positions 8, 20, and 27, large hydrophobic residues at positions 4, 7, 11, and 24, and an ␣-helix-breaking residue, typically a proline, at position 32 (Fig. 5A) (50 -52) . The three TPR units are packed together such that "A" ␣-helices form the inner surface and "B" ␣-helices form the outer surface, and the entire structure has a subtle right-handed super-helical twist. Important to this arrangement is a tight turn involving positive ⌽ angles of Gly 146 and Gly 148 in the conserved GIG motif connecting TPR2 and TPR3.
The BubR1 structure also contains a short N-terminal ␣-helix connected by a kinked loop and an extended C-terminal ␣-helix that mimics an A-type helix but protrudes greater than 20 Å from the molecule (Fig. 3, A and C) . These ␣-helices are unlikely to form additional TPR motifs in the full-length protein given the hydrophilic nature of their outer edges. The extended C-terminal ␣-helix resembles a capping ␣-helix as observed in numerous TPR domains (50) . The protrusion of the C-terminal ␣-helix, however, may be an artifact of crystal packing as glutamate residues in this region (Glu 212 , Glu 214 , Glu 215 , and Glu 218 ) coordinate two praseodymium(III) ions in the crys- tal (Fig. 3B) . The lower average B-factor of the protruding region (30.8 for residues 203-220 compared with 37.5 for residues 57-202) reinforces its constraint in the crystal lattice. In solution or in the context of the full-length protein, this sequence may become disordered or may contribute to novel structure. Such a scenario has been reported for protein phosphatase 5 (PP5), a TPR domain protein in which an extended C-terminal ␣-helix unwinds to form a disordered loop in the full-length protein (53, 54) . As also suggested by the aforementioned limited proteolysis data, the extended conformation of the C-terminal ␣-helix is likely to be one of many conformations sampled in solution. It is not known if this extended conformation is relevant to a physiological interaction.
Comparison of BubR1 and Bub1 TPR Domains-To confirm the TPR nature of the BubR1 N-terminal region, the DALI server was employed (55) . Such confirmation is important as differences between all ␣-helical repeat domains such as HEAT repeats, Armadillo repeats, and clathrin heavy chain repeats can be subtle and difficult to predict (56) . The analysis revealed the most similar structure to be the budding yeast Bub1 TPR domain, with moderate similarity to canonical TPR domains such as defining member PP5 and an engineered three-repeat TPR domain (Fig. 4A) . Similar to the BubR1 structure, the Bub1, PP5, and engineered TPR domains each contain three TPR motifs and, in the case of PP5 and the engineered TPR domains, a C-terminal capping ␣-helix. As such, these results attest to a TPR fold with noncanonical features shared between the BubR1 and Bub1 TPR domains (Fig. 4B) . A TPR fold similar to the Bub1 TPR domain was predicted for the BubR1 N-terminal region. Key features common to BubR1 and Bub1 but not other TPR domains include a disordered loop within TPR1, a short, approximately perpendicular 3 10 -helix connecting TPR1 and TPR2, a tight turn involving positive ⌽ angles between TPR2 and TPR3, and noncanonical packing of and between TPR motifs (see below). These features define the "Bub protein" TPR domain that shows diversification of the classical TPR fold. The conservation of these defining features further suggests that they are important for the structural integrity and/or specific functionality.
The BubR1 and Bub1 TPR domains, however, do adopt distinct conformations peripheral to the three TPR motifs (Fig.  4B) . Namely, a disordered region, a short ␣-helix, and a kinked loop at the N terminus of the BubR1 TPR domain are replaced by an ␣-helix, a 3 10 -helix, and a short loop at the N terminus of the Bub1 TPR domain. Although potentially due to crystal packing, these distinct conformations may reflect species-specific differences, i.e. the Bub1 conformation may be unique to yeast Bub1 as sequence conservation between Bub1 orthologues is moderate in this region (Fig. 3A) . Alternatively, the comparatively flexible conformation of BubR1 may be required for the BubR1-specific function of presenting the upstream KEN box to APC/C-Cdc20. The BubR1 and Bub1 TPR domains also have different C-terminal regions (Fig. 4B) . The protruding segment of the C-terminal ␣-helix and immediately adjacent disordered region of the BubR1 TPR domain are replaced by an unfolded segment that connects to two short ␣-helices that lie across the outer concave surface of the TPR motifs of the Bub1 TPR domain. As discussed previously, these distinct conformations may be an artifact of crystal packing and/or protein truncation. The moderate sequence conservation of this region also raises the possibility of species-specific differences (Fig. 3A) .
A final distinction between the BubR1 and Bub1 TPR domains relates to quaternary structure, with BubR1 being a monomer (Fig. 2B) and Bub1 a dimer (Fig. 4C ) in both solution 
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and crystalline states. This difference occurs as Bub1 dimerization is mediated by salt bridges involving residues whose homologous partners in BubR1 are mostly neutral (Fig. 3A and Fig. 4, C and D) . This lack of conservation, combined with our yeast two-hybrid data showing that human Bub1 fl does not interact with Bub1(1-189) (Fig. 1D) , suggests yeast Bub1 dimerization to be species-specific and/or a result of protein truncation. Notably, the TPR domain of yeast Mad3 is monomeric. Thus, although the native oligomeric state of yeast Bub1 remains uncertain, dimerization of the Bub protein TPR domain seems to be the exception rather than the rule. Noncanonical Packing of the Bub Protein TPR Domain-To further define the noncanonical features of the Bub protein TPR domain, we looked at interactions occurring within a TPR motif. Typical interactions of classical TPR domains involve large hydrophobic residues packing against small hydrophobic residues to create an angle of 6 -20°between ␣-helices (Fig. 5A ) (51) . In the BubR1 TPR domain, such interactions are present in TPR1 and TPR3 but not TPR2 (Fig. 5B) . Like many TPR motifs, TPR1 and TPR3 adopt similar conformations despite having less than 4% sequence identity (Fig. 3A) . This unique packing within TPR2 is not likely a result of crystal packing as it is conserved in the yeast Bub1 TPR domain structure where pairing of medium sized Leu 108 and Met 133 similarly causes a Ͼ20°angle between the ␣-helices of TPR2 (Fig. 4B) . Ultimately, this unique packing within TPR2 causes it to have noncanonical interactions with neighboring repeats.
The dominant interaction between neighboring repeats of a TPR domain involves the stacking of large hydrophobic residues at TPR consensus positions 7 and 24 (51) (Fig. 5A) (Fig. 3A) . These noncanonical interactions are of note as they cause ␣-helix A of TPR2 to lie across both ␣-helices of TPR1 (Fig. 5C, panel ii) . This ultimately reduces the regularity of the super-helical twist and flattens the concave surface which in a TPR domain is frequently a site of protein interaction (57) . Such peculiar packing may be required to accommodate the 3 10 -helix between TPR1 and TPR2 as it is also observed in the yeast Bub1 TPR domain, even though it is achieved through alternative interactions (Fig. 4B) . Impor- tantly, a flatter concave surface likely impacts the character of this putative protein interaction site.
Identification of a Blinkin-binding Groove in the BubR1 TPR Domain-A previous analysis of the interaction between human Bub1(1-189) and Blinkin(1-728) implicated the GIG and G(N/D)D motifs of the Bub1 TPR domain (Fig. 4B) (39) . The conservation of these motifs in the BubR1 TPR domain prompted us to test whether they are similarly involved in the interaction between human BubR1(1-237) and Blinkin(1-728). The GIG motif superimposes very well between the two structures, although the conformation of the G(N/D)D motif varies (Fig. 4B) . Yeast two-hybrid analysis showed that the BubR1-Blinkin interaction was unaffected by mutation of the G(N/D)D motif (N72A/D73A), as well as by most mutations of the GIG motif (G146N, G148N, and G146N/G148N) . 3 However, the BubR1-Blinkin interaction was abrogated by the GIG mutant G146N/G148V. This is likely explained by the ability of asparagine, but not valine, to adopt positive ⌽ angles observed for the native glycine residues at these positions that appear important for formation of the TPR domain structure (58) . Thus, the G(N/D)D and GIG motifs of BubR1 do not seem to establish direct contacts with Blinkin. Nevertheless, the latter motif is important for the structural integrity of the Blinkinbinding site. Its location at the end of a groove on the surface of BubR1 (Fig. 6C) , formed by TPR2 and TPR3, raises the possibility that this constitutes the Blinkin-binding region.
To test this, the importance of numerous residues exposed in the BubR1 groove formed by TPR2 and TPR3 was examined. Yeast two-hybrid analysis was performed using a series of BubR1 fl alanine mutants (P119A, L126A, R130A, S157A, E161A, and R165A) fused to the GAL4 DNA-binding domain and Blinkin or Bub3 fl fused to the GAL4 activator domain (Fig. 6C) . Although all BubR1 fl mutants retained an ability to bind Blinkin(1-728), BubR1 fl mutants L126A, E161A, and R165A experienced a highly reproducible reduction in the rate of growth and number of colonies on SD/ϪAde/ϪHis/ ϪLeu/ϪTrp plates (selecting for the presence of both plasmids, along with HIS and ADE reported gene activation) and ␤-galactosidase activity (lacZ reporter gene activation) (Fig. 6A) . This was particularly noticeable when mated yeast were incubated on selection plates for 2 or 3 days rather than 5 days. The rate of yeast growth, the number of resultant colonies, and the rate and intensity of X-gal reaction are directly related to the underlying level of reporter gene activation, which for constant GAL4 DNA-binding domain bait and GAL4 activation domain target fusion proteins (modified by point mutagenesis) provide "semiquantitative" assessment of binding affinities (41) . Thus, our observations indicate reduced levels of reporter gene activa- tion, and hence reduced binding affinity, for BubR1 fl mutants L126A, E161A, and R165A. Importantly, for all BubR1 fl mutants, the growth of mated yeast on SD/ϪLeu/ϪTrp plates (selecting for the presence of both plasmids) was unaffected, and a wild type level of interaction with Bub3 fl was detected at all time points (Fig. 6A ). These observations exclude the possibility of the mutants affecting the growth characteristics of the yeast, fusion protein expression levels, or fusion protein stability. Instead, these data are consistent with the L126A, E161A, and R165A BubR1 mutants reducing the affinity of the interaction between BubR1 fl and Blinkin (1-728) .
To confirm the involvement of BubR1 residues Leu 126 , Glu 161 , and Arg 165 in Blinkin(1-728) binding, mated yeast were selected on SD/ϪAde/ϪHis/ϪLeu/ϪTrp plates containing 3-AT, a competitive inhibitor of the HIS3 reporter gene product frequently used to eliminate background levels of reporter gene activation. Upon testing the interaction with Blinkin(1-728), the growth of colonies for BubR1 fl mutants L126A, E161A, and R165A was almost completely eliminated by 5 mM 3-AT (Fig. 6B ). This is in contrast to the growth of colonies for wild type BubR1 fl and mutants P119A, R130A, and S157A, which were only mildly affected. Increasing 3-AT to 10 or 15 mM had little additional effect on BubR1 fl mutants L126A, E151A, and R165A, while furthering the mild inhibition of wild type BubR1 fl and mutants P119A, R130A, and S157A (Fig. 6B) . The interactions between all BubR1 fl mutants and Bub3 fl were equally unaffected by the presence of 5-15 mM 3-AT, consistent with a Bub3-binding site downstream of the BubR1 TPR domain (36, 37) . We therefore conclude that the affinity of the BubR1 fl -Blinkin(1-728) interaction is substantially reduced by BubR1 mutations L126A, E161A, and R165A and is unaffected by the BubR1 mutations P119A, R130A, and S157A. The yeast two-hybrid data presented here thus demonstrate that side chains of Leu 126 , Glu 161 , and Arg 165 contribute to the Blinkin-binding interface of the BubR1 TPR domain. These residues belong to a shallow groove on the inner concave surface of the BubR1 domain defined by TPR2 and TPR3 (Fig. 6C) . Although each individual residue is not essential for the interaction, mutation results in a reduction in binding affinity. This could be characteristic of a "Velcro-like" mode of interaction where multiple discrete and potentially cooperative interfaces contribute to the overall protein-protein interaction.
DISCUSSION
Distinct roles have been described for BubR1 in its enrichment at kinetochores incorrectly/not attached to the mitotic spindle and as a constituent of the MCC, which inhibits APC/ C-Cdc20 ubiquitin ligase activity. The mechanistic links between these cellular pools of BubR1 and their contribution to the SAC, however, remain unknown. Such understanding requires detailed molecular information regarding BubR1 and the basis of its interactions both at the kinetochore and within the MCC. Thus far, this has not been possible as recombinant protein instability has hampered high resolution structural analysis of BubR1 or its paralogue Mad3 (35, 36) . Here, we have overcome this difficulty and, through detailed mapping of the molecular architecture of the functionally significant N-terminal portion of human BubR1, have solved the crystal structure of its TPR domain at 1.8 Å resolution. The structure reveals subtle but significant deviations from a canonical TPR domain that likely provide protein-specific functionality. Such deviations are shared with the yeast Bub1 TPR domain and thus define a common structural scaffold of Bub proteins. Key distinctive features include the disordered loop insertion of TPR1, the insertion of a 3 10 -helix between TPR2 and TPR3, the tight turn involving positive ⌽ angles between TPR2 and TPR3, and the noncanonical packing of and between TPR motifs.
Analysis based on the BubR1 structure also facilitated novel molecular insight into BubR1 interactions at the kinetochore. We confirmed the interaction between BubR1(1-237) and Blinkin(1-728) using a yeast two-hybrid assay and defined the molecular determinants of this interaction through structuredirected mutagenesis. This revealed a series of residues, Leu 126 , Glu 161 , and Arg 165 , located within a shallow groove on the inner concave surface of the BubR1 TPR domain that each contribute to the Blinkin interaction. The significant reduction, but not elimination, of the Blinkin interaction upon individual mutation of these residues, and the discrete distribution of these residues within the groove, suggests the interaction is mediated by a number of potentially cooperative interfaces. This binding groove is subtly distinct from that of other TPR domains as the unusual packing of TPR2 means it is formed by the A ␣-helices of TPR2 and TPR3 but not TPR1. 3 Canonical TPR domains typically contain a binding pocket formed by all three A ␣-helices on the inner concave surface (57) . The overall polarity of this groove and the importance of residues Glu 161 and Arg 165 suggest a role for ionic contacts in mediating the Blinkin interaction, possibly compensating for relatively weak hydrophobic packing associated with the shallowness of the groove. The Blinkin-binding groove of the BubR1 TPR domain thus differs from previous characterized TPR domains and likely provides a unique functionality. A complementary aspect of BubR1 function is Bub1-dependent kinetochore enrichment (29, 32) . Our data reveal a physical interaction between BubR1 and Bub1 that is mediated by regions downstream of their TPR domains. Both BubR1 and Bub1 undergo direct interactions with Blinkin via their TPR domains, with their respective "Blinkin-binding" grooves showing gross structural similarity. However, specific differences are predicted as Glu 161 and Arg 165 are not conserved in Bub1, and the G(N/D)D motif may be differentially required (39), suggesting that the BubR1 and Bub1 TPR domains may bind to distinct regions within Blinkin. This is supported by the finding that although BubR1 binding is restricted to the N-terminal region of Blinkin, Bub1 also interacts with the central region of Blinkin (32) . Future work is clearly required to define the precise nature of these interactions. Nevertheless, this combination raises the possibility of a ternary complex between BubR1, Bub1, and Blinkin at kinetochores; their orderly assembly may be essential for SAC activation.
The molecular architecture of the larger BubR1 N-terminal region provides further insight into its role in APC/C-Cdc20 inhibition as part of the MCC. Specifically, the first KEN box of BubR1 is located within the flexible N-terminal extension that
